Introduction
In all biological systems, the intracellular calcium (Ca 2+ ) concentrations fluctuate in response to environmental and internal cues (Sanders et al., 1999; Curran et al., 2000) . The cytosolic Ca 2+ levels in plant cells are tightly regulated by two opposing fluxes, the influx via Ca 2+ channels and the efflux via Ca 2+ -ATPases and Ca 2+ /H + antiporters . Up to now, the regulation of these transporters has been studied almost exclusively in heterologous systems such as yeast (Saccharomyces cerevisiae). Ca 2+ /H + antiporters are high-capacity, low-affinity transporters that have been physiologically characterized from a variety of plants and appear to locate predominantly on the vacuolar membrane, but also on the plasma membrane and chloroplast thylakoid membrane (Blumwald and Poole, 1986; Kasai and Muto, 1990; Ettinger et al., 1999; Cheng et al., 2001; Luo et al., 2005; Qi et al., 2005) . To identify the first two plant Ca 2+ /H + antiporter genes, a yeast suppression assay was carried out (Hirschi et al., 1996) . Yeast strains lacking the vacuolar P-type Ca 2+ -ATPase (PMC1) and the vacuolar Ca 2+ /H + antiporter (VCX1) grow slowly in media containing high levels of Ca 2+ . Two different Arabidopsis thaliana cDNAs were isolated which allowed pmc1 vcx1 double mutant yeast stains to grow well in the media containing high levels of Ca 2+ . These genes were termed cation exchanger (CAX) 1 and 2 (Hirschi et al., 1996) (Hirschi et al., 2000; Shigaki et al., 2003) . Subsequently, numerous CAX transporters have been identified from various plant species (Kamiya et al., 2005; Shigaki and Hirschi, 2006) and their N-terminal autoinhibitory regions defined using yeast assays ).
An N-terminal autoinhibitory domain controls CAX1 activity as well as other CAX transporters including VCAX1 and CAX2 Pittman et al., 2002a Pittman et al., , b, 2004 . The originally identified CAX1 and CAX2 transporters are, in fact, products of partial length cDNAs and contain an N-terminal truncation which facilitates activity in yeast (now termed sCAX1 and sCAX2). In planta, CAX1 contains an additional 36 amino acid at the N-terminus which is not present in sCAX1. In yeast, fulllength CAX1 acts as a weak vacuolar Ca 2+ /H + antiporter, as transport activity is severely reduced when compared with sCAX1 (Cheng et al., 2005) . This autoinhibition is caused by the N-terminus physically interacting with a neighbouring N-terminal region (residues 56-62) Pittman et al., 2002a) . Further studies have identified crucial residues in these first 36 amino acids that are involved in N-terminal autoinhibition. For example, expressing a Thr-33 to Ala variant (T33A) of CAX1 effectively suppresses Ca 2+ sensitivity in yeast mutants in a manner indistinguishable from sCAX1 expressing cells. Mutation of a Ser residue at position 25 to Asp (S25D) also activated CAX1, suggesting this Ser may be a potential target for phosphorylation as this mutation mimics constitutive phosphorylation, while a CAX1-S25A mutation gave a CAX1 mutant that was indistinguishable from wild-type CAX1 when expressed in the Ca 2+ -sensitive yeast cells (Pittman et al., 2002a) . However, these plant transporter activities were assayed exclusively in yeast cells and it is not known if this activity, or lack thereof, is maintained in transgenic plants expressing these constructs. To date, the only evidence to hint that autoinhibition occurs in the plant and is not purely an artefact of the yeast expression is the ability of a synthetic peptide, which corresponds to the first 36 amino acids of CAX1, to inhibit tonoplast Ca 2+ /H + transport activity in Arabidopsis (Pittman et al., 2002b; Cheng et al., 2003) ; however, a more rigorous confirmation is required.
Transgenic plants expressing CAX transporters may be a component of long-range goals to enhance plant yield and improve human nutrition (Shigaki and Hirschi, 2006) . Tobacco, carrots, potatoes, and tomatoes expressing sCAX1 all contain high levels of calcium (Hirschi, 1999; Park et al., 2004 Park et al., , 2005a . In some cases, when transgenic plants express sCAX1, the phenotypes are dramatic. Tobacco (Nicotiana tabacum) lines expressing sCAX1 exhibit Ca 2+ -deficient symptoms such as leaf necrosis, tip burning, and hypersensitivity to ion imbalance as well as increased tonoplast Ca 2+ /H + transport activity (Hirschi, 1999) . If the aim is to carefully modulate Ca 2+ /H + transport activity in various crop plants, it is important to delineate if these phenotypes are caused by the deregulated nature of sCAX1. In addition, insights into the phenotypes associated with expression of various CAX1 variants should facilitate the rational design of transporters which maximize calcium accumulation but minimize deleterious phenotypes.
Recent technologies make it possible to measure how CAX expression modulates the sum total of all the mineral nutrients and trace elements, termed the ionome (Lahner et al., 2003; Cheng et al., 2005) . This technology can now be harnessed as a means not only to measure phenotypes but also provide important clues about gene function. For example, yeast ionome profiles have been used to reveal the function of previously uncharacterized yeast genes (Eide et al., 2005) . In theory, heterologous expression and ionome measurements could be used to characterize plant transporters.
Here, N-terminal autoinhibition of CAX1 is evaluated in transgenic tobacco plants. Initially, the yeast ionome was used to compare the activity of CAX1 variants in yeast cells. CAX1 variants were then expressd in transgenic tobacco plants in order to assess differences in growth and biochemical phenotypes. These results were compared with our previous findings utilizing the yeast expression assays. Collectively, the results suggest that the yeast assays provide a robust model to assess CAX autoinhibition. To our knowledge, this is the first report to demonstrate clearly the presence of N-terminal autoinhibition of transport function in planta. These findings also offer insights into engineering enhanced transporter activity into agriculturally important crops.
Materials and methods

Yeast strain and plasmids
The yeast (Saccharomyces cerevisiae) strain K667 (cnb1::LEU2 pmc1::TRP1 vcx1D; Cunningham and Fink, 1996) was transformed and grown as described previously . The CAX1, sCAX1, CAX1-T33A, and CAX1-S25A cDNA clones were subcloned into the yeast expression vector piHGpd (Nathan et al., 1999) as described in previous studies Pittman et al., 2002a) .
Yeast culture conditions, sample processing, and ICP-AES analysis Yeast culture conditions and sample processing were modified from a previous study (Eide et al., 2005) . Yeast cultures were inoculated in 5 ml yeast-peptone-dextrose (YPD) and 1/100 vol. of 1003 mineral supplement stock (Eide et al., 2005) with additional 10 mM CaCl 2 . The cells were grown at 30°C to stationary phase. A 2.5 ml sample of each culture was collected by vacuum filtration using isopore membrane filters (1.2 lm pore size) (Fisher Scientific, PA, USA). Cells were washed three times with 1 ml of 1 lM ethylenediaminetetraacetic acid disodium salt solution, pH 8.0, by vacuum filtration followed by three washes with 1 ml of distilled, deionized H 2 O. The filters were dried at 70°C in an oven for 48 h before inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis, performed as previously described (Lahner et al., 2003) .
Plant materials, transformation, and growth conditions The generation of the sCAX1 in the pBin19 construct has been previously described (Hirschi, 1999) . The CAX1, CAX1-T33A, and CAX1-S25A cDNAs were subcloned into the plant expression vector pBin19 (Clontech, CA, USA), which contained the cauliflower mosaic virus (CaMV) 35S promoter fragment. The recombinant plasmids or vector controls were transformed into Agrobacterium tumefaciens LBA4404 (Invitrogen, CA, USA). Tobacco (Nicotiana tabacum) plants (cvs KY160 and KY14) were transformed along with the empty vector as a control as previously described. CAX1 and sCAX1 were expressed in KY160 (Hirschi, 1999) . CAX1-T33A and CAX1-S25A were expressed in KY14 (this work).
Surface-sterilized tobacco seeds were germinated and grown as previously described (Hirschi, 1999) . For ion sensitivity analysis, 14 d after plating, the seedlings were transferred to half-strength MS medium (Murashige and Skoog, 1962) containing 1% (w/v) agar supplemented with the appropriate metal salt. To make media deficient in Ca 2+ , standard half-strength MS medium including 1% (w/v) agar was prepared, except that CaCl 2 was omitted. For the transport assays, tobacco seeds germinated on the standard medium were transferred to soil, and then the 4-week-old plants were transferred to a hydroponic system containing Hoagland's solution (Hoagland and Arnon, 1950) .
DNA and RNA isolation: Southern and northern blot analysis Tobacco genomic DNA was extracted from leaf tissue as previously described by Paterson et al. (1993) . DNA (5-10 lg) was digested with EcoRI or BamHI and separated by electrophoresis and blotted onto Hybond N + membrane (Amersham Biosciences, NJ, USA). Total RNA was extracted from tobacco leaves as previously described (Hirschi, 1999) . RNA samples were treated with DNase to minimize any contamination of genomic DNA. The sequences of the CAX1 gene-specific primers used in reverse transcription PCR were 5#-AAAAAATCAGACCTCCGAGTGATTCAGAA-3# and 5#-CCTTTCTCCATTGTCTCTGCTTTGGAAA-3#. Total RNA (10 lg) was separated on 1% (v/v) agarose gel containing formaldehyde, blotted onto Hybond N + membrane (Amersham), according to the manufacturer's instructions. PCR reactions were performed to make probes for both Southern and northern blot analysis, using a CAX1-specific primer set. The sequences of the CAX1 primers were 5#-ATGGCGGGAATCGTGACAGAGCC-3# and 5#-TTAA-CCCGTTTTAACTTTATTTG-3#. The membranes were prehybridized overnight at 60°C in 7% (w/v) SDS and 0.25 M Na 2 HPO 4 , and then hybridized overnight at 60°C in the same solution containing the probe labelled with 32 P-dCTP using a random primed labelling kit (Invitrogen, CA, USA). Membranes were washed twice for 30 min each with 23 SSC and 1% SDS at 60°C and then washed twice again for 30 min each with 0.13 SSC and 0.5% (w/v) SDS at 60°C. Membranes were exposed to X-ray film at -80°C.
Preparation of membrane vesicles and Ca 2+ transport assay
Microsomal membrane vesicles were prepared from 8-week-old hydroponically grown plant root tissue and pretreated with 100 mM CaCl 2 for 18 h before harvest. All membrane isolation steps were conducted at 4°C as previously described (Hirschi, 1999) .
45
Ca 2+ uptake was measured by a filtration assay as previously described ).
Calcium and mineral analysis
Four-week-old tobacco plants were transferred to hydroponic growth for 4 weeks in Hoagland's solution supplemented with 2 mM CaCl 2 . The roots were rinsed in water and harvested. The roots were dried at 70°C for 3 d. At least 500 mg (dry weight) of root tissue was analysed individually; roots weighing less were pooled to yield the required weight as described previously (Hirschi, 1999) . Total calcium and mineral contents per gram of dry mass were determined by using an inductively coupled plasma atomic emission spectrophotometer (Spectro, Kleve, Germany) as previously described (Lahner et al., 2003) .
Results
CAX1 expression and the yeast ionome
The authors were interested in assessing the impact of expressing CAX variants on the yeast ionome. To summarize previous results, the CAX1-T33A variant made CAX1 constitutively active comparable with sCAX1 while a CAX1-S25A variant was no more active than CAX1 (Pittman et al., 2002a) . In this study, these variants, the empty vector control, CAX1, and sCAX1 were expressed in the K667 (vcx1 pmc1 cnb1) mutant yeast strain, which is deficient in vacuolar Ca 2+ transporters , and the cells were grown in liquid media supplemented with several elements to levels sufficient to facilitate detection in cell extracts by ICP-AES. As shown in Fig. 1A , sCAX1-expressing yeast cells accumulated Ca 2+ approximately 4-fold compared with the vector control cells. The accumulation of calcium in the CAX1-T33A-expressing yeast cells was similar to that of sCAX1-expressing cells. Meanwhile CAX1-and CAX1-S25A-expressing yeast cells contained levels of calcium similar to the vector control cells (Fig. 1A) . In addition to the increased calcium accumulation, nickel, zinc, iron, and magnesium levels were also increased in sCAX1-and CAX1-T33A-expressing yeast cells compared with the vector control cells (Fig. 1B) . Again, these increases in other metals were not seen in the CAX1-and CAX1-S25A-expressing yeast cells. Other metal levels such as sodium, manganese, potassium, phosphorus, and copper were similar among all the yeast cells tested (Fig. 1C) .
CAX variants expressed in transgenic tobacco
To gain insights into the N-terminal autoinhibition of CAX1 in planta, empty vector controls, CAX1, sCAX1, CAX1-T33A, and CAX1-S25A were expressed in tobacco plants. It has previously been demonstrated that tobacco is an excellent plant model for assessing Ca 2+ /H + antiport function because the morphological phenotypes which result from increased vacuolar Ca 2+ loading, such as tip burning, are easily visualized (Hirschi, 1999; Shigaki et al., 2002) . By contrast, the morphological differences when sCAX1 is expressed in Arabidopsis plants are quite subtle (Cheng et al., 2003) . The tobacco cultivar KY160 line expressing 35S::sCAX1 was obtained from previous studies (Hirschi, 1999) . In this study, 35S::CAX1 was expressed in tobacco cultivar KY160 and 35S::CAX1-T33A and 35S::CAX1-S25A were expressed in the tobacco cultivar KY14. Initially, it was determined that KY160 and KY14 were indistinguishable in the growth assays used here except for the difference in leaf colour and morphology (data not shown). Thus, the impact of the CAX1 variants could easily be compared without regard to the differences between KY160 and KY14. As mentioned previously, tobacco lines expressing sCAX1 were previously characterized (Hirschi, 1999) . This sCAX1 expressing line is representative of the multiple independent transgenic lines previously characterized. Here, at least 10 different transgenic tobacco lines expressing CAX1, CAX1-T33A or CAX1-S25A were obtained. Southern analysis was performed and it was determined that all transgenic tobacco lines analysed contained multiple insertions (data not shown). Expression of CAX1, CAX1-T33A, and CAX1-S25A was initially measured by reverse transcription PCR (data not shown). Two independent transgenic lines expressing CAX1, CAX1-T33A, and CAX1-S25A with comparable expression levels to sCAX1 were confirmed by northern blot analysis ( Fig. 2 ; lines 1 and 2). Together, these observations suggested that the expression levels were similar and there was no dramatic copy number difference among the transgenic lines. With these preliminary observations, the CAX1, CAX1-T33A, CAX1-S25A and sCAX1 expressing lines could confidently be compared and contrasted.
Phenotypes of tobacco lines expressing CAX1 variants
Once the appropriate transgenic tobacco lines were identified, phenotypes were compared among CAX1, sCAX1, and the variants previously characterized exclusively in yeast (Hirschi, 1999; Pittman et al., 2002a) . As reported earlier, transgenic tobacco seedlings that constitutively express the deregulated sCAX1 display hypersensitivity to ion imbalances, such as increased Mg 2+ and Na + and depleted Ca 2+ (Hirschi, 1999) . As shown in Fig. 3B , CAX1-T33A-expressing plants were extremely hypersensitive to Ca 2+ -depleted media in a manner similar to sCAX1-expressing lines. The growth of CAX1-and CAX1-S25A-expressing plants on the Ca 2+ -depleted media was comparable to vector control plants. In the Na + tolerance growth assays, the same trend was observed. The sCAX1-expressing plants and CAX1-T33A-expressing plants were sensitive to the excess Na + in the media while the CAX1-expressing plants and CAX1-S25A-expressing plants were not (Fig. 3C) . In addition to the ion sensitivity, approximately 16% (6 out of 37) of the 
CAX1-T33A-expressing plants displayed the tip-burning Ca
2+
-deficient symptom associated with sCAX1 expression; however, this was not as dramatic as seen in sCAX1-expressing lines which displayed 100% tip-burning symptoms (data not shown). In soil, all CAX1-and CAX1-S25A-expressing plants grew in a manner indistinguishable from vector control lines.
Tonoplast Ca
2+ /H + antiport activity from tobacco lines expressing CAX1 variants It has previously been shown that expression of sCAX1 increases tonoplast Ca 2+ /H + activity at least 30% more in transgenic tobacco roots than in controls (Hirschi, 1999) .
In addition, the increased Ca 2+ accumulation was observed primarily in tobacco roots rather than leaves (Hirschi, 1999) . As with the ion sensitivity phenotypes, tonoplast Ca 2+ /H + transport activity among vector control, sCAX1-, CAX1-, CAX1-T33A-, and CAX1-S25A-expressing lines were compared. Tonoplast-enriched vesicles were prepared from roots of hydroponically grown transgenic tobacco lines. A steady proton gradient (acid inside vesicles) was established by activation of the Mg 2+ -ATPdependent H + -ATPase. sCAX1-expressing vesicles showed significant Ca 2+ /H + antiport activity. Vectorexpressing vesicles showed very low Ca 2+ /H + antiport activity. The CAX1-T33A-expressing line had moderate Ca 2+ uptake activity compared to that expressing sCAX1, and was approximately 64% of the sCAX1-expressing line (Fig. 4) . However, in the tonoplast vesicles prepared from CAX1-expressing and CAX1-S25A-expressing lines, this uptake assay could not measure any higher Ca 2+ /H + antiport activity than vector control (data not shown). The increase in Ca 2+ /H + antiport activity was consistently measured only in the sCAX1-and CAX1-T33A-expressing lines.
Metal accumulation in tobacco lines expressing-CAX1 variants
Calcium levels were measured in the transgenic tobacco roots to examine whether altered Ca 2+ /H + antiport activity impacted the accumulation of Ca 2+ in tobacco roots. As demonstrated previously (Hirschi, 1999) , sCAX1-expressing plants accumulated approximately three times more calcium in root tissue than the vector control lines (Fig.  5A) . A slightly lower amount of calcium was accumulated in the CAX1-T33A-expressing plants as they contained approximately twice as much total calcium in roots as did the vector controls (Fig. 5A) . Meanwhile, the vector controls, CAX1-and CAX1-S25A-expressing plants contained similar calcium levels (Fig. 5A) . These results are in general agreement with yeast ionome results presented earlier (Fig. 1A) . Comparison of other mineral profiles revealed that potassium, magnesium, and manganese in sCAX1-and CAX1-T33A-expressing tobacco line were increased more than 2-fold, while zinc and/or phosphorus content also increased substantially in the sCAX1-and CAX1-T33A-expressing lines (Fig. 5B) . Although concentrations of other minerals were slightly increased in the CAX1-and CAX1-S25A-expressing plants, they were more similar to control plants (Fig. 5B ).
Discussion
Previously, yeast assays have been used to suggest that CAX1 is regulated by an N-terminal autoinhibitory domain. Here, it has been established that these yeast assays provide a robust platform for predicting activity of CAX1 variants in transgenic plants. As far as is known, this type of cross-platform evaluation of N-terminal autoinhibition of plant transporters has not been previously reported. Furthermore, for the first time, it has been confirmed that N-terminal-mediated regulation of a Ca 2+ transporter occurs in planta.
The yeast ionome: a new phenotype to characterize plant transporter function
The ionome provides a rigorous tool to examine the elemental profiles of various samples, be it a plant tissue or a yeast colony (Lahner et al., 2003; Hirschi, 2003; Eide et al., 2005) . Given that the expression of many plant transporters in yeast does not generate a visual phenotype, the reproducibility and cost of these yeast ionome assays affords a new phenotype to infer transport function. It has been demonstrated here that measuring the yeast ionome from cells expressing variants of the Arabidopsis CAX1 transporter can be a rapid and reproducible inference of transporter function (Fig. 1) . For example, sCAX1 and CAX1-T33A expressing yeast cells both demonstrated high tonoplast Ca 2+ /H + activity and accumulated significant higher cellular calcium, whereas yeast cells expressing vector, CAX1 or the CAX1-S25A variant displayed negligible tonoplast Ca 2+ /H + transport and lower total cellular calcium levels (Pittman et al., 2002a; Fig. 1A) . As the mutant yeast strain used is lacking the endogenous tonoplast Ca 2+ /H + antiporter VCX1, this lack of detectable activity in the vector control and CAX1-/CAX1-S25A-expressing strains was expected. Previously, ion competition and metal-dependent proton transport studies were used to suggest that sCAX1 can transport Ni 2+ , and possibly Zn 2+ but not Mn 2+ . In these ionome studies sCAX1-and CAX1-T33A-expressing yeast cells also contained significantly increased levels of nickel, and zinc (Fig. 1B) . The increase of nickel and zinc in sCAX1-and CAX1-T33A-expressing lines is in an agreement with our published transport data  Fig. 1B) . In addition to nickel and zinc, magnesium and iron accumulated to higher levels than control in sCAX1-expressing and T33A-expressing yeast cells (Fig. 1B) . The increase of iron and magnesium could be an indirect result of increased Ca 2+ transport. However, a previous yeast ionome study suggests that the homeostatic mechanisms that control the levels of different elements are interconnected. For example, changes in nickel levels correlate with changes of magnesium in the yeast ionome (Eide et al., 2005) . Indeed, this could explain our observation that the increased magnesium in cells was correlated with increased nickel. While the increased levels of nickel and zinc in the sCAX1 and CAX1-T33A-expressing yeast cells were detectable, the much higher 4-fold increase in calcium in these cells confirms that sCAX1 is predominantly a Ca 2+ transporter. Phosphorus, potassium, and manganese levels did not significantly alter in the sCAX1-and CAX1-T33A-expressing yeast cells, yet following expression of these CAX1 variants in tobacco, these three metals were significantly increased. In addition, zinc and iron levels were slightly increased in these lines. Previous analysis has indicated that K + is very poorly transported by sCAX1 (Park et al., 2005b) while Mn 2+ and Fe 2+ are not transported ; J Pittman and K Hirschi, unpublished results), although sCAX1 does have some Zn 2+ transport activity . Previously, increased levels of magnesium, zinc, iron, and manganese were observed in sCAX1-expressing tomato fruits, while phosphorus and potassium were not tested (Park et al., 2005b) . This is generally consistent with the observations in sCAX1-and CAX1-T33A-expressing tobacco, although the iron and zinc increases are more subtle in tobacco. This may be due to tissue-type differences. The increased accumulation of these metals in the transgenic tobacco plants could be an indirect effect of increased vacuolar Ca 2+ /H + transport activity that may lead to perturbed cytosolic Ca 2+ levels which, in turn, may regulate other metal transporters (Cheng et al., 2005) . This result also highlights the differences that may exist between unicellular yeast and plants with regard to homeostatic regulation for certain metals. However, the trend in calcium content following expression of the various CAX1 constructs was identical between yeast and plant. Thus our experimental approach and results suggest that in heterologous expression studies, the yeast ionome profiles can be used as an initial indicator of Arabidopsis transporter function.
CAX1 N-terminal autoinhibition in planta
It has been demonstrated here that transport activity of the full-length CAX1 protein is regulated in transgenic plants compared with significant deregulated transport activity of the N-terminal truncated sCAX1 or the N-terminal point mutant CAX1-T33A. It is suggested that, as in yeast, this down-regulation of Arabidopsis CAX1 is due to an autoinhibitory mechanism caused by protein conformation modification at the N-terminus (Pittman et al., 2002a) . As observed previously, high level expression of sCAX1 in tobacco causes Ca 2+ deficiency-like phenotypes such as apical burning and hypersensitivity to ion imbalances that are due to excessive and deregulated Ca 2+ transport into the vacuole by sCAX1 (Hirschi, 1999) . When the sCAX1 plants are grown on Ca 2+ -depleted conditions, the enhanced vacuolar accumulation of trace concentrations of Ca 2+ acquired by the plant prevent any Ca 2+ being acquired to other cellular locations where it is essential. The sensitivity to Na + stress is also due to cytosolic Ca 2+ deficiency caused by excessive vacuolar Ca 2+ accumulation (Hirschi, 1999; Cheng et al., 2004b) . By comparison, CAX1 was relatively inactive when expressed in transgenic tobacco plants. For example, none of the Ca 2+ -deficient symptoms associated with sCAX1 expression were seen in the CAX1-expressing plants (Fig. 3) . Furthermore, increased Ca 2+ /H + activity was not detected from the vesicles isolated from the CAX1 expressing transgenic roots (Fig. 4) . Thus, the presence of the N-terminal domain of CAX1 appeared to autoinhibit the protein and prevent Ca 2+ transport activity in tobacco. This also suggests that, unlike when expressed in Arabidopsis, mechanisms are not present in tobacco to switch on the autoinhibited Arabidopsis CAX1 (see below). Expression of the N-terminal mutated variants of CAX1 produced phenotypes in tobacco that correlated with their phenotypes in yeast cells. The CAX1-S25A variant, like CAX1, displayed no increased Ca 2+ /H + activity when expressed in either yeast cells or tobacco plants (Figs 1, 2,  4) . Conversely, expressing the CAX1-T33A variant produced phenotypes in both yeast and tobacco (Fig. 3) ; however, direct measurement of Ca 2+ transport activity of CAX1-T33A from the transgenic tobacco plants was lower than sCAX1 (64%) and the percentage of plants displaying apical burning was reduced (16%). Furthermore, the plants expressing-CAX1-T33A variants accumulated less total calcium than sCAX1 lines, but significantly higher levels than CAX1, CAX1-S25A, and vector lines (Fig. 5A) . Previous experiments in yeast found that substitution of Thr-33 with another residue (either Ala, Asp, Ser or Glu) caused a gain of transport activity, leading to the suggestion that this residue plays a role in the proposed autoinhibitory mechanism (Pittman et al., 2002a) . While substitution of Ser-25 with Ala did not lead to a gain of transport activity, it has been shown previously that a Ser-25 to Asp substitution caused a gain of activity; hence it is proposed that this residue could be a candidate for phosphorylation as a mechanism to activate full-length CAX1 Ca 2+ /H + antiport activity (Pittman et al., 2002a) . Further analysis will be required to ascertain the exact functions of these CAX1 N-terminal domain residues. N-terminal autoinhibition is not unique to CAX transporters. For example, the plant autoinhibited Ca 2+ -ATPases (ACAs) also have an N-terminal autoinhibitory domain which is equivalent in structure and function to the C-terminal regulatory domain of animal calmodulinstimulated Ca 2+ -ATPases Bonza et al., 2004) . Studies using a Ca 2+ -ATPase deficient yeast mutant have demonstrated that plant ACA pumps can functionally complement the mutant only if the N-terminal calmodulin binding/autoinhibitory domain is deleted or if single residues required for autoinhibition have been mutated (Baekgaard et al., 2005) . It is clear that calmodulin can stimulate Ca 2+ -ATPase activity in membrane fractions isolated from plants, and it has also been demonstrated that a peptide corresponding to the autoinhibitory domain of ACA8 can inhibit Ca 2+ -ATPase activity of a truncated form of the pump in membrane fractions from Arabidopsis suspension cells . However, the ACA studies have not been extended by functionally expressing the deregulated ACA clones in a plant system to examine this autoinhibition in planta, while our work suggests that removal, or modification, of the CAX1 N-terminal domains will activate these transporters when expressed in the plant.
Several signalling molecules have been implicated in regulating plant transporters Cheng et al., 2004a) . Calmodulin binding to the N-terminus of ACA2 causes activation, whereas the pump can be inhibited by a Ca 2+ -dependent protein kinase . With the CAX transporters similar models have been posited where various regulators, such as the protein kinase SOS2, may either activate or repress transporter function (Cheng et al., 2004a, b) . Our work here suggests the presence of functional N-terminal autoinhibitory domains in planta and by extension the cognate signalling molecules. These results may also suggest that the regulatory CAX1 activating proteins, which do not appear to be conserved in yeast, may likewise not be conserved amongst plant species, otherwise it might have been expected that expression of full-length CAX1 in tobacco would provide transport activity. It will be interesting to test in the future whether co-expression of CAX1 and an activator protein in tobacco causes an increase in Ca 2+ transport activity. Our working hypothesis therefore is that high level expression of these regulatory modules is an additional means of altering transport function.
Applications for plant improvement
Previous studies have demonstrated that expression of the Arabidopsis Ca 2+ /H + antiporter sCAX1 can be used to increase Ca 2+ content in several important crops (Park et al., 2004 (Park et al., , 2005a . In tomatoes, tempering sCAX1 expression levels by using a weaker promoter resulted in more fruit calcium and a prolonged shelf life, while only modestly compromising plant growth and development (Park et al., 2005b) . These advantageous alterations in tomato plant growth suggest that further modulation of the expression and activity of a Ca 2+ /H + transporter can be used to enhance crop growth. For example, expression in tomatoes of CAX4, which appears to have weaker Ca 2+ / H + antiport activity than sCAX1, provided a modest increase in the calcium content without deleterious phenotypes (Park et al., 2005b) . The data presented here suggest that, rather than altering expression levels, the N-terminal autoinhibitory domain can be modified to modulate activity. Modifications like the CAX1-T33A mutation in CAX1 could provide important tools for calcium fortification. These variants remain active and thus have higher levels of calcium accumulation (Fig. 5) , but less deleterious effects such as the apical burning associated with sCAX1 expression. Our long-range goal is to engineer CAX variants which are active but produce no deleterious phenotypes.
Conclusion
The N-terminal autoinhibition in the Ca 2+ /H + transporter CAX1 has been intensively documented using yeast assays. In this study, these studies have been extended to show that N-terminal autoinhibition does indeed occur in planta. These findings provide a general platform to modify plant transporter activity.
